Abstract. Hypermethylation of cytosine in expanded (CCG) n •(CGG) n trinucleotide repeats results in Fragile X syndrome, the most common cause of inherited mental retardation. The (CCG) n •(CGG) n repeats adopt i-motif conformations that are preferentially stabilized by base-pairing interactions of protonated base pairs of cytosine. Here we investigate the effects of 5-methylation and the sugar moiety on the basepairing energies (BPEs) of protonated cytosine base pairs by examining protonated nucleoside base pairs of 2′-deoxycytidine (dCyd) and 5-methyl-2′-deoxycytidine (m 5 dCyd) using threshold collision-induced dissociation techniques. 5-Methylation of a single or both cytosine residues leads to very small change in the BPE. However, the accumulated effect may be dramatic in diseased state trinucleotide repeats where many methylated base pairs may be present. The BPEs of the protonated nucleoside base pairs examined here significantly exceed those of Watson-Crick dGuo•dCyd and neutral dCyd•dCyd base pairs, such that these base-pairing interactions provide the major forces responsible for stabilization of DNA i-motif conformations. Compared with isolated protonated nucleobase pairs of cytosine and 1-methylcytosine, the 2′-deoxyribose sugar produces an effect similar to the 1-methyl substituent, and leads to a slight decrease in the BPE. These results suggest that the base-pairing interactions may be slightly weaker in nucleic acids, but that the extended backbone is likely to exert a relatively small effect on the total BPE. The proton affinity (PA) of m 5 dCyd is also determined by competitive analysis of the primary dissociation pathways that occur in parallel for the protonated (m Introduction T he effect of nucleotide modification on DNA is one of the oldest questions in DNA science, and information is still rather limited. Modifications of DNA can occur along the phosphate backbone or to the sugar or nucleobase moieties. Such modifications not only affect the binding affinity and specificity of DNA but also possess pharmacokinetic and toxicological properties for medicinal chemistry [1] . DNA methylation, typically cytosine methylation, is the most common epigenetic modification in eukaryotic genomes that can regulate chromatin status and directly affect the ability of transcription factors to access DNA. Roughly 5% of cytosines in the human genome are methylated, mainly at dinucleotide CpG sites [2] , and there is considerable variation in the pattern of methylation with cell type and state [3, 4] . Methylation of cytosine residues can alter the appearance of the major groove of DNA, where DNA binding proteins generally bind. These epigenetic Bmarkers^can be copied after DNA synthesis, leading to heritable changes in chromatin structure. The majority of methylated CpG sites are found in repetitive DNA elements, suggesting that cytosine methylation has evolved as a defense against transposons and other parasitic elements [5] . In somatic cells, promoter methylation often shows a correlation with gene expression: CpG methylation may directly interfere with the binding of certain transcriptional regulators to their cognate DNA sequences or may enable recruitment of methyl-CpG binding proteins that create a repressed chromatin environment [6] . DNA methylation patterns are highly dysregulated in cancer. Changes in methylation status are required for development [4, 7] , and have been postulated to inactivate tumor suppressors and activate oncogenes, thus contributing to tumorigenesis [8] and other disease states [9] . Cytosine methylation is also a major contributor to the generation of diseasecausing germline and somatic mutations that cause cancer [10, 11] . Previous studies have shown that Fragile X syndrome is caused by methylation at CpG sites, which may involve 5-methylation of cytosine residues and/or 8-methylation of guanine residues, and may involve CpG sites associated with the protonated cytosine base pairs or distant from them [12] [13] [14] .
Fragile X syndrome is the most widespread inherited cause of mental retardation in humans, and results in intellectual disabilities and physical deformities [15, 16] . It has previously been shown that the expansion of (CCG) n •(CGG) n trinucleotide repeats beyond 230 trinucleotides leads to Fragile X syndrome [12] [13] [14] . The proposed structure of single (CCG) n and (CCG) n •(CGG) n trinucleotide repeat strands involve noncanonical DNA structures such as the DNA i-motif that may be the cause of the disease [17] [18] [19] . The secondary structure of the DNA i-motif is a four-stranded structure consisting of parallelstranded DNA duplexes zipped together in an anti-parallel orientation by intercalated protonated nucleobase pairs of cytosine (C + •C) [20] . Recently, studies have shown that the structure of the i-motif is conserved in the gas phase when electrospray ionization (ESI) is used as the ionization technique [21] , indicating that under favorable conditions, gas-phase studies may indeed provide insight into solution-phase structure and function.
Electronic structure calculations performed at the B3LYP/6-311+G(2d,2p)// B3LYP/6-31G* level of theory predict that the base-pairing energy (BPE) of the protonated nucleoside base pair of 2′-deoxycytidine (dCyd + •dCyd) is 166.8 kJ/mol, whereas BPEs of the protonated nucleobase pair C + •C and canonical neutral Watson-Crick dGuo•dCyd base pair are 169.7 and 95.8 kJ/mol, respectively, indicating that the 2′-deoxyribose sugar very slightly weakens the base-pairing interactions, but that imotif conformations are still preferentially stabilized by basepairing interactions of noncanonical protonated dCyd + •dCyd nucleoside base pairs. Given the important biological roles that DNA i-motif conformations may play in several human diseases and cancer, including lung carcinoma [22] , breast carcinoma [23] , and Burkitt's lymphomas [24] , a comprehensive study is needed to characterize the influence of methylation on the BPEs. Recently, quantitative determination of the strength of the BPEs of protonated homo-and hetero-nucleobase pairs of cytosine (C), 5-methylcytosine (m 5 C), 1-methylcytosine (m 1 C), and 1,5-dimethylcytosine (m 15 2 C) was reported using threshold collision-induced dissociation techniques (TCID) [25] [26] [27] . The methyl substituent at the N1 position serves as a mimic for the sugar moiety such that implications for the effects of the 2′-deoxyribose moiety on the BPE are elucidated. In the case of homo-nucleobase pairs, 5-hypermethylation was found to increase the BPE, whereas 1-hypermethylation was found to exert almost no effect on the BPE. Hence, 1,5-dimethylation of both cytosines results in an intermediate increase in the BPE. These results suggest that DNA i-motif conformations should be stabilized under 5-hypermethylation conditions. In the case of the hetero-nucleobase pairs, methylation of a single cytosine at the N1, C5, or N1 and C5 positions weakens the BPE, and therefore would tend to destabilize DNA i-motif conformations. Whether methylation of cytosine residues will produce similar effects in larger, more biologically relevant model systems is not clear. Therefore, in the present work, we extend our studies to include protonated homo-and hetero-nucleoside base pairs of 2′-deoxycytidine (dCyd) and 5-methyl-2′-deoxycytidine (m 5 dCyd) using TCID techniques such that the effects of the 2′-deoxyribose sugar on the BPEs is directly determined. Methylation also affects the proton affinities (PAs) of the nucleosides. Accurate determination of the PAs of nucleosides can yield valuable information regarding the intrinsic nucleoside reactivity and the role of the local environment in affecting nucleoside reactivity. However, very limited thermochemical data has thus far been reported in the literature. The PA of dCyd has been measured and reported [28] , whereas no PAs of modified dCyd have been reported. dCyd is then obtained using the relative PAs determined here and the PA of dCyd, 988.3 ± 8.0 kJ/mol, reported in the literature [28] . The measured values are compared with theoretical results calculated at the B3LYP level of theory to evaluate the ability of this level of theory for predicting accurate energetics for these protonated nucleoside base pairs.
Experimental and Computation

General Procedures
The energy-dependent CID behavior of three protonated nucleoside base pairs, (dCyd)H , is studied using a guided ion beam tandem mass spectrometer that has been described in detail previously [29] . The (xdCyd)H + (ydCyd) protonated nucleoside base pairs are generated by ESI from solutions containing 0.5-1 mM of dCyd and/or m 5 dCyd and 1% (v/v) acetic acid in an approximately 50%:50% MeOH:H 2 O mixture. The ions are desolvated, focused, and thermalized in a radio frequency (rf) ion funnel and hexapole ion guide collision cell interface. The thermalized ions emanating from the hexapole ion guide are extracted, accelerated, and focused into a magnetic sector momentum analyzer for mass analysis. Mass-selected (xdCyd)H + (ydCyd) protonated nucleoside base pairs are decelerated to a desired kinetic energy and focused into a rf octopole ion beam guide that radially traps ions [30] [31] [32] 
Theoretical Calculations
The stable low-energy tautomeric conformations of dCyd and H + (dCyd) have previously been examined by Wu et al. as described in detail elsewhere [36] . In the present study, geometry optimizations and frequency analyses of the low-energy tautomeric conformations of m dCyd) were performed using Gaussian 09 [37] at the B3LYP/6-31G* level of theory. Owing to the structural flexibility of the protonated nucleoside base pairs of dCyd and m 5 dCyd, simulated annealing was first carried out to search for candidate structures using HyperChem [38] software with the Amber 2 force field. Initial structures of each protonated nucleoside base pair underwent a 300 cycle simulated annealing procedure, with each cycle beginning and ending at 0 K, lasting for 0.8 ps, and achieving a simulation temperature of 1000 K. Heating and cooling times for each cycle were 0.3 ps each, allowing 0.2 ps for the ions to sample conformational space at the simulation temperature. Relative energies were computed using molecular mechanics methods every 0.001 ps. The most stable conformers accessed at the end of each annealing cycle were saved and used to initiate the subsequent cycle. All structures within 30 kJ/mol of the lowest-energy structure found via the simulated annealing procedure, as well as others representative and encompassing the entire range of structures found, were further optimized and frequency analyzed at the B3LYP/6-31G* level of theory. Single point energy calculations for xdCyd, H + (xdCyd), and three (xdCyd)H + (ydCyd) protonated nucleoside base pairs, where x, y = H and/or m 5 , were performed at the B3LYP/6-311+G(2d,2p) level of theory using B3LYP/6-31G* optimized geometries. Zero-point energy (ZPE) corrections were determined using vibrational frequencies calculated at the B3LYP level of theory and scaled by a factor of 0.9804 [39] . To obtain accurate energetics, basis set superposition error corrections (BSSEs) are also included in the calculated BPEs using the full counterpoise approach [40, 41] . The polarizabilities of the neutral nucleosides, which are required for threshold analyses, are calculated at the PBE1PBE/6-311+G(2d,2p) level of theory. This level of theory has been shown to provide polarizabilities that exhibit better agreement with experimental values than the B3LYP functional employed here for structures and energetics [42] .
Thermochemical Analysis
The threshold regions of the measured CID cross sections are modeled using procedures developed elsewhere [43] [44] [45] [46] [47] [48] [49] [50] that have been found to reproduce CID cross sections well [25-27, 29, 51-55] . Details regarding data handling and analysis procedures, which include explicitly accounting for the internal and translational energy distributions of the (xdCyd)H + (ydCyd) and Xe reactants, the effects of multiple ion-neutral collisions, and the lifetime of the dissociating protonated nucleoside base pairs, are summarized in the Supplementary Information.
Results and Discussion
Cross Sections for Collision-Induced Dissociation Figure 1 . The primary dissociation pathway observed for the protonated homo-nucleoside base pairs corresponds to cleavage of the three hydrogen bonds responsible for the binding in these species, and resulting in loss of the neutral nucleoside in the CID reactions 1.
CID of the (m 5 dCyd)H + (dCyd) protonated hetero-nucleoside pair leads to two primary dissociation pathways that occur in parallel and compete with each other, reactions 2 and 3. 
These dissociation behaviors are consistent with previous TCID and IRMPD studies of protonated nucleobase pairs and isolated protonated nucleosides, including H + (dCyd) [25] [26] [27] 36 ]. 
Theoretical Results
As mentioned in the Theoretical Calculations section, the stable tautomeric conformations of the neutral xdCyd and protonated H + (xdCyd) nucleosides as well as the (xdCyd)H + (ydCyd) protonated nucleoside base pairs, were examined at the B3LYP/6-31G* level of theory. The structures of the ground-state tautomeric conformations of all three protonated nucleoside base pairs calculated at the B3LYP/6-31G* are shown in Figure 2 . To differentiate the various stable low-energy tautomeric conformations of these species, lower case Roman numerals are used to describe the tautomeric conformations of the neutral nucleoside, whereas upper case Roman numerals with a B+ŝ ign are used to describe the tautomeric conformations of the protonated nucleoside, and both are ordered based on the relative Gibbs free energies at 298 K of the low-energy tautomeric conformations of dCyd and H + (dCyd). As can be seen in the figure, the ground-state structures of all three protonated nucleoside base pairs involve binding via three hydrogenbonding interactions and adopt an anti-parallel configuration of the protonated and neutral nucleosides, corresponding to the most commonly observed conformation in double-stranded DNAs. In the ground-state structure of the protonated nucleoside base pairs, the excess proton is bound to the N3 atom of the cytosine residue of the protonated nucleoside, H + (xdCyd), which corresponds to the ground-state I + conformer of isolated H + (xdCyd). The cytosine and/or 5-methylcytosine nucleobases take on anti-orientations relative to the glycosidic bonds and the sugars are in C3′-endo configurations. The neutral nucleoside, xdCyd, also exists as the ground-state i conformer in the ground-state structures of the protonated nucleoside base pairs. The orientation of the nucleobase and sugar puckering are highly similar to that of the ground-state I + conformer of the protonated nucleoside, H + (xdCyd). The ground-state tautomeric conformation of the protonated nucleoside base pairs is thus designated as I + •••i_3a(AC3, AC3) to indicate that the ground I + tautomeric conformation of the protonated nucleoside binds to the ground i tautomeric conformation of the neutral nucleoside. The underscore 3a designation indicates that the binding occurs via three hydrogen-bonding interactions and the protonated and neutral bases are bound in an anti-parallel configuration. The orientation of the nucleobase relative to the glycosidic bond and the sugar puckering for the protonated and neutral nucleosides are indicated in parentheses, respectively. The upper case letter A indicates that the nucleobase takes on an anti-orientation, whereas C3 indicates that the sugar moiety is in a C3′-endo sugar configuration. In the protonated (m Table S3 of the Supplementary Information and shown in Figure 1 . The thresholds determined are summarized in Table 1 . In all three systems, the experimental cross sections are accurately reproduced using a loose PSL TS model [48] . The relative N3 PAs of dCyd and m 5 dCyd are also obtained from competitive analyses of the primary dissociation pathways for the protonated (m 5 dCyd)H + (dCyd) nucleoside base pair. Supplementary Table S3 also Previously, the PA of dCyd was measured using the kinetic method as 988.3 ± 8.0 kJ/mol [28] . Using this value to anchor , is a measure of the looseness of the TS and also a reflection of the complexity of the system. ΔS † is largely determined from the molecular constants used to model the energized complex and the TS, but also depends on the threshold energy, E 0 (PSL). The ΔS † (PSL) values at 1000 K are listed in Supplementary Table S3 , and vary between 91 and 96 J•K -1
•mol -1 across these systems. The large positive entropies of activation determined result from the fact that while the two neutral hydrogen bonds contribute to the stability, they also conformationally constrain the reactant protonated nucleoside base pairs such that the loose PSL TS is a product-like structure that occurs at the centrifugal barrier for dissociation.
Discussion
Comparison of Experiment and Theory
BPEs of the protonated nucleoside base pairs at 0 K measured here by TCID techniques are summarized in Table 1 . Also listed in Table 1 are the BPEs of the protonated nucleoside base pairs calculated at the B3LYP/6-311+G(2d,2p) level of theory, including independent ZPE and BSSE corrections. Excellent agreement is achieved between the measured and B3LYP/6-311+G(2d,2p) calculated BPEs for all three protonated nucleoside base pairs. The mean absolute deviation (MAD) between theory and experiment is 2.9 ± 2.2 kJ/mol. The MAD is smaller than the average experimental uncertainty (AEU) in these values, 5.6 ± 0.3 kJ/mol, suggesting that the B3LYP/6-311+G(2d,2p) level of theory accurately describes the hydrogen-bonding interactions responsible for the binding in these protonated nucleoside base pairs. This behavior is consistent with previous TCID studies on similar protonated nucleobase pairs [25] [26] [27] .
The absolute N3 PA of dCyd was previously reported as 988.3 ± 8.0 [28] , whereas the PA of m 
Influence of Methylation and the Sugar Moiety on the BPEs
The measured and calculated BPEs at 0 K of the three protonated (xdCyd)H + (ydCyd) nucleoside base pairs measured here are listed in Table 1 . Experimentally, the BPEs of all three protonated nucleoside base pairs are equal within experimental uncertainties. In agreement with measured values, theory suggests that 5-methylation of a single cytosine residue exerts almost no effect on the BPE, whereas 5-permethylation leads to a slight increase in the BPE. This behavior is consistent with observations made in previous TCID studies for the analogous Values taken from reference [27] e Values taken from reference [25] .
f Values taken from reference [26] . protonated nucleobase pairs of cytosine and 5-methylcytosine [26, 27] . The correlation between the BPEs of the (xdCyd)H + (xdCyd) nucleoside base pairs measured here and polarizabilities of xdCyd is illustrated in Figure 3b 
Implications for the Stability of DNA i-Motif Conformations
The base-pairing interactions in the protonated nucleobase pairs of cytosine are the major forces responsible for stabilization of DNA i-motif conformations. Previous TCID studies of protonated nucleobase pairs of cytosine and methylated cytosines found that 5-hypermethylation increases the BPE, whereas 1-hypermethylation exerts almost no effect on the BPE. Hence, 1,5-dimethylation of both cytosines results in an intermediate increase in the BPE [25, 27] . These results suggest that DNA i-motif conformations should be stabilized under 5-hypermethylation conditions. As mentioned in the Introduction, methylation may also occur at cytosine residues associated with the protonated cytosine base pairs or distant from them as well as at guanine residues of the CpG sites of the trinucleotide repeats. As for 1-methylation of cytosine residues, 5-methylation of cytosine residues not involved in the protonated cytosine base pairs or 8-methylation of guanine residues being distant from the protonated cytosine base pairs should exert an even smaller, and probably a negligible, effect on the BPEs. These results also suggest that hypermethylation of CCG repeats, which is the cause of Fragile-X syndrome, likely occurs to both further stabilize i-motif conformations (5-methylation of cytosine residues involved in the protonated cytosine base pairs) and to alter the appearance of the major and minor grooves (5-methylation of cytosine and 8-methylation of guanine residues) and thus alter interactions with DNA binding proteins [12] [13] [14] . In the case of the hetero-nucleobase pairs, methylation of a single cytosine at the N1, C5, or N1 and C5 positions very slightly weakens the BPE and, therefore, would tend to very slightly destabilize DNA i-motif conformations, but such isolated modifications should produce a negligible effect on the overall stability [25, 26] . In the present TCID studies of protonated nucleoside base pairs, 5-methylation of a single or both cytosine residues exerts almost no effect on the BPE and, thus, should produce a very minor effect on the stability of DNA i-motif conformations. In agreement with experimental observations, theory also suggests that the effects of methylation on the BPE are small. Theoretically, 5-permethylation of cytosine residues slightly increases the BPEs, whereas 5-methylation of a single cytosine residue leads to a small decrease in the BPE. However, the BPEs of all of the (xdCyd)H + (ydCyd) protonated nucleoside pairs are still much greater than those of canonical Watson-Crick G•C and dGuo•dCyd and neutral C•C and dCyd•dCyd base pairs, suggesting that DNA i-motif conformations are still favored over conventional base pairing. Thus, although theory suggests that 5-methylation of a single cytosine residue tends to weaken the base-pairing interactions in the nucleoside pairs, the effects are sufficiently small that i-motif conformations should be stable to such modifications. Even though the change in the BPE induced by methylation is not large for a single nucleoside pair, the accumulated effect can be dramatic in diseased state trinucleotide repeats associated with the Fragile X syndrome where more than 230 trinucleotides and hundreds of 5-methylated cytosine base pairs may be present. Because methylation at different positions may lead to an increase or decrease in the BPE, the overall influence of methylation will be seen in the number of trinucleotide repeats required to cause structural conversion from canonical Watson-Crick basepairing to DNA i-motif conformations.
To further probe the influence of modifications on the stability of DNA i-motif conformations, other factors that play roles in stabilizing/destabilizing these noncanonical structures such as nucleobase-stacking interactions and the folding of the nucleic acid strands must also be considered. Follow-up work to examine how these base-pairing interactions evolve in increasingly larger model systems including the analogous protonated pairs of the 2′-deoxycytidine nucleotides and extending to (CCG) n trinucleotide repeats that are associated with the formation of i-motif conformations and Fragile X syndrome are being pursued. The present results show that the B3LYP level of theory provides accurate estimates for the energetics of binding in protonated nucleoside base pairs and, therefore, may be suitable for investigating larger and increasingly biologically relevant model systems. The present studies also show that epigenetic 5-methylation of cytosine exerts a stabilizing influence in the presence of the 2′-deoxyribose sugar moiety and would tend to stabilize DNA i-motif conformations, thereby requiring fewer trinucleotide repeats for structural conversion of Watson-Crick base paired DNA to i-motif conformations. Information provided by this work, including structures, the energy-dependent dissociation behavior, and relative stabilities of these protonated nucleoside base pairs should also facilitate experiments and data interpretation for studies of larger and increasingly biologically relevant model systems.
Conclusions
In order to elucidate the effects of the 2′-deoxyribose sugar on the base-pairing interactions in protonated cytosine base pairs as well as the effects of 5-methylation in the presence of the sugar moiety, the threshold collision-induced dissociation behavior of three protonated nucleoside base pairs, (dCyd)H + (dCyd), (m dCyd is found for the B3LYP level of theory. 5-Methylation of cytosine residues produces a very minor effect on the strength of the base-pairing interactions in the protonated nucleoside base pairs and, thus, should exert a very minor effect on the stability of DNA i-motif conformations. The BPEs of the protonated nucleoside base pairs are slightly smaller than those of the corresponding protonated nucleobase pairs, indicating that the 2′-deoxyribose sugar very slightly weakens the base-pairing interactions. The BPEs of the three protonated nucleoside pairs are also slightly smaller than those of the corresponding 1-methylated protonated nucleobase pairs, indicating that the effect of the 2′-deoxyribose sugar on the BPE slightly exceeds that of the 1-methyl substituent. Even though the change in the BPE induced by 5-methylation is rather small for a single nucleoside base pair, the accumulated effect can be dramatic in diseased state trinucleotide repeats where more than 230 trinucleotides and hundreds of protonated C > C, indicating that methylation and the sugar moiety increase the N3 PA in proportion to their effect on the polarizability. The effect of 5-methylation of dCyd is consistent with previous observations for the methylated cytosines, indicating that conclusions of these model studies are robust and should also hold for individual trinucleotides and large nucleic acids relevant to the diseased states of interest [25] .
